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In Vitro Hepatic Differentiation of Human 
Mesencliymal Stem Cells 



Kuan-Der Lee,**^ Tom Kwang-Chun Kuo,^ Jacqueline Whang-Peng, > Yu-Fen Chung, ^ Ching-Tai Lin,' Shiu-Huey Chou,^ 

Jim-Ray Chen,^ Yl-Peng Chen,^ and Oscar Kuang-Sheng Lee^ 

This study examined whether mesenchymal stem cells (MSCs), which are stem cells origi- 
nated from embryonic mesoderm, are able to differentiate into functional hepatocyte-like 
cells in vitro, MSCs were isolated from human bone marrow and umbilical cord blood, and 
the surface phenotype and the mesodermal multilineage diBFerentiation potentials of these 
cells were characterized and tested. To effectively induce hepatic dififerentiation, we designed 
a novel 2-step protocol with the use of hepatocyte growth factor and oncostatin M. After 4 
weeks of induction, cuboidal morphology, which is characteristic of hepatocytes, was ob- 
served, and cells also expressed marker genes specific of liver cells in a time-dependent 
manner. Differentiated cells farther demonstrated in vitro functions characteristic of liver 
cells, including albumin production, glycogen storage, urea secretion, uptake of low-density 
lipoprotein, and phenobarbital-inducible cytochrome P450 activity. In conclusion ^ human 
MSCs from different sources are able to differentiate into functional hepatocyte-like cells 
and, hence, may serve as a cell source for tissue engineering and cell therapy of hepatic 
tissues. Furthermore, the broad diflFerentiation potential of MSCs indicates that a revision of 
the definition may be required. (Hepatology 2004j40: 1275-1 284.) 



In vitro models of parenchymal liver cells are of great 
importance in toxicology and in bioartificial liver re- 
search, ^-^ because primary cultures of hepatocytes 
have been hindered by their short life span and the rapid 
loss of hepatic functions under in vitro conditions.^ 



Abbreviations: BM, bone marrow; MSC, mesenchymal stem cell; HGF, hepato- 
cyte growth factor; UCB, umbilical cord blood; MAPCs, multipotent adult progen- 
itor cells; bFGF, fibroblast growth factor-basic; PAS, periodic acid-Schiff; LDL, 
low-density lipoprotein; PROD, pentoxyresorufin~0-dealkylase. 

From the ^Division of Cancer Research ^ National Health Research Institutes, 
Taiwan; the -^Division of Hematology/ Oncology, Department of Medicine, Chang 
Gung Memorial Hospital-Chiayi, Taiwan and Department of Medical Technol- 
ogy^ Chang Gung University. Tao-Yuan, Taiwan; the ^Department of Orthopae- 
dics and Traumatology, Veterans General Hospital-Taipei, and School of Medicine, 
National Yang-Ming University^ Taiwan, and National Health Research Insti- 
tutes, Taiwan; the ^Department of Life Science, FU-JEN University, Taipei Hsien, 
Taiwan; and the ^Department of Biotechnology, Southern Taiwan University of 
Technology, Taiwan. 

Received March 27, 2004; accepted September 1, 2004. 

Supported by the intramural grant of the National Health Research Institutes, 
Taiwan (Grant number 92A1-CAPP19-1), and, in part, from the intramural 
grant of the Veterans General Hospital-Taipei (Grant number VGH 92-576-3). 

Address reprint requests to: Dr. Oscar Kuang-Sheng Lee, M.D., Ph.D., Depart- 
ment of Orthopaedics and Traumatology, Veterans General Hospital-Taipei, 201, 
Sec 2, Shi-Pai Rd., Taipei 11221, Taiwan. E-mail: kslee@vghtpe.gov.tw; fax: 
(886) 2-28757657; or Dr. Jacqueline Whang-Peng, M.D., Division of Cancer 
Research. National Health Research Institutes, Al 9 1 Ward, Veterans General Hos- 
pital-Taipei, 201, Sec 2, Shi-Pai Road, Taipei 11221, Taiwan. E-mail: 
jqwpeng<^nhri.orgtw; fax: (886) 2-28716467. 

Copyright © 2004 by the American Association for the Study of Liver Diseases. 

Published online in Wiley InterScience (www, interscience.wiley.com). 

DOI 10. 1002/hep.20469 



Stem ceils responsible for self-repair and regeneration 
are found in various organs of the human body.^ How- 
ever, human hepatic stem cells have remained illusive and 
the mechanism responsible for the regenerative capacity 
of liver has been of much controversy. ^ It has long been 
thought that the differentiation potential of adult stem 
cells is limited to their germ layer of origin, but recent 
studies have demonstrated that adult stem cells are more 
plastic than once believed.^-^ Although bone marrow 
(BM) is considered an extrahepatic origin of hepatic pro- 
genitor cells, this concept is primarily attributed by in vivo 
animal studies.^-^^ For example, Lagasse et al.^^ showed 
that transplanted purified hematopoietic stem ceils could 
give rise to hepatocytes and even completely restore liver 
function in the fumarylacetoacetate hydrolase-deficient 
mice, while in humans, female recipients of male BM 
were found to have hepatocytes containing the Y chromo- 
some, using fluorescent in situ hybridization analysis, ^^'^^ 
suggesting that hepatocytes cotild be derived from BM 
cells. However, the paradigm that BM cells can turn into 
hepatocytes in vivo is not without controversy.^^ Several 
lines of evidence indicated that transplanted BM cells 
adopt the phenotype of hepatocytes and restore liver func- 
tion by cell fusion rather than differentiation, '^"^^-^ and in 
vivo studies of BM transplantation provide little insight as 
to which cell populations in the BM contribute to hepatic 
regeneration. 
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Bone marrow is a reservoir of various stem cells, in- 
cluding hematopoietic stem cells, mesenchymal stem cells 
(MSCs), and, allegedly, multipotent adult progenitor 
cells (MAPCs).2o To date, MAPCs are the only adult stem 
cells reported to be capable of differentiating into func- 
tional hepatocyte-like cells, under in vitro conditions.^* 
However, the prerequisite of prolonged in vitro culture 
prior to the emergence of MAPCs raises the question 
whether such cells naturally exist in postnatal tissues,^^ 
due to the extremely low frequency. In contrast, MSCs, 
widely studied over the past decade, are readily accessible 
from BM and have been shown to be capable of neuroec- 
todermal differentiation in addition to those of the meso- 
derm. However, the endodermal differentiation 
potential of bone marrow MSCs has yet to be demon- 
strated and, to our knowledge, is not reported in the En- 
glish literature. 

The aim of this study was to investigate the hepatic 
differentiation potential of human MSCs. We hypothe- 
sized that MSCs obtained from different sources are ca- 
pable of differentiating into functional hepatocyte-like 
cells in vitro. 

Materials and Methods 

Cytokines 

Fibroblast growth factor-basic (bFGF), hepatocyte 
growth factor (HGF), and oncostatin M were purchased 
from R&D Systems (Minneapolis, MN). Epidermal 
growth factor was obtained from Becton Dickinson 
(Flanders, NJ). 

Antibodies 

Antibodies against human antigens CD 13, CD29, 
CD34, CD44, CD45, CD71, CD73, CD90, and 
CD 105 were purchased from Becton Dickinson. Anti- 
bodies against human antigen CD 133 were purchased 
from Miltenyi Biotec (Bergisch Gladbach, Germany). 
Antibodies against human antigens SH-2 and SH-3 were 
purified from SH-2 and SH-3 hybridoma cell lines 
(American Type Culture Collection, Rockville, MD). 
Antibodies against human albumin, type II collagen, and 
secondary goat antimouse antibodies were obtained from 
Santa Cruz Biotechnology (Santa Cruz> CA). Monoclo- 
nal antibody against human 9B2-antigen was a kind gift 
from Dr. Cheng-Po Hu (Veterans General Hospital, Tai- 
pei, Taiwan). 

MSC Isolation and Culture 

Isolation. Human bone marrow for this study was 
aspirated from the iliac crest of healthy donors (n = 15). 
Umbilical cord blood (UCB) was collected upon delivery 
(n = 1 1). AJl samples were collected with informed con- 



sent. Mononuclear cells were obtained by negative immu- 
nodepletionof CD3, CD 14, CD 19, CD38, CD66b, and 
glycophorin-A positive cells using a commercially avail- 
able kit (RosetteSep, StemCell Technologies, Vancouver, 
BC, Canada), as per the manufacturer's instructions, fol- 
lowed by Ficoll-Paque (Amersham Biosciences, Piscat- 
away, NJ) density-gradient centrifugation (1.077 g/cm^), 
and plated in tissue culture flasks (Becton Dickinson, 
Franklin Lakes, NJ) in expansion medium. Expansion 
medium consists of Iscove's modified Dulbecco's me- 
dium (IMDM, Gibco BRL, Grand Island, NY) and 10% 
fetal bovine serum (Hyclone, Logan, UT) supplemented 
with 10 ng/mL epidermal growth factor, 10 ng/mL 
bFGF, 100 units of penicillin, 1000 units of streptomy- 
cin, and 2 mmol/L L-glutamine (Gibco BRL). Cells were 
allowed to adhere overnight, and nonadherent cells were 
washed out with medium changes. Medium changes were 
performed twice weekly thereafter. 

Limiting Dilution. To obtain single cell— derived, 
clonally-expanded MSCs, the isolated plate-adhering sec- 
ond-passage cells were serially diluted and plated on to 
96-well plates (Becton Dickinson), in expansion medium, 
at the final density of 30 cells per 96-well plate (average 
density, 0.3 cells/well). Colonies that grew, exhibiting rel- 
atively homogeneous fibroblastic morphology, were se- 
lected for culture expansion and tested for their 
differentiation potential. Limiting dilution was per- 
formed for both UCB-derived and BM-derived cells. 

Maintenance and Culture Expansion. Once adher- 
ent cells reached 1.0 to 1.2 X 10^/cm^, they were de- 
tached with 0.25% trypsin-EDTA (Gibco BRL), washed 
twice with phosphate-buffered saline (Gibco BRL), with 
centrifugation, 1000 rpm, 5 minutes, and replated at 0.3 
to 0.4 X 10^/cm^ under the same culture conditions. 

In Vitro Differentiation 

Osteogenic Differentiation. To induce osteogenic 
differentiation, 5th- to 13th-passage cells were treated 
with osteogenic medium for three weeks with medium 
changes twice weekly. Osteogenic medium consists of 
IMDM supplemented with 0.1 /xmmoI/L dexametha- 
sone (Sigma-Aldrich, St. Louis, MO), 10 mmol/L j3-glyc- 
erol phosphate (Sigma-Aldrich), and 0.2 mmol/L 
ascorbic acid (Sigma-Aldrich). Osteogenesis was assessed 
by alkaline phosphatase and von Kossa stainings. 

Chondrogenic Differentiation. To induce chondro- 
genic differentiation, 5th- to 13th-passage cells were 
transferred into a 15-niL polypropylene tube and centri- 
fugcd at 1000 rpm, 5 minutes, to form a pelleted micro- 
mass at the bottom of the tube, then treated with 
chondrogenic medium for 3 weeks. Chondrogenic me- 
dium consists of high-glucose Dulbecco's Modified Eagle 
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Medium (Bio-fluid, Rockville, MD) supplemented with 

0. 1 jLtmmol/L dexamethasone, 50 )LLg/mL ascorbic acid, 
1 00 /Lig/mL sodium pyruvate (Sigma-Aldrich), 40 /xg/mL 
proline (Sigma-Aldrich), 10 ng/mL transforming growth 
factor- jSl, and 50 mg/mL ITS^ (insulin, transferrin, se- 
lenium) premix (Becton Dickinson, 6.25 ^ig/mL insulin, 
6.25 ^g/mL transferrin, 6.25 ng/mL selenious acid, 1.25 
mg/mL BSA, and 5-35 mg/mL linoleic acid). Medium 
changes were performed twice weekly, and chondrogene- 
sis was assessed by immunohistochemical staining for 
type II collagen. 

Adipogenic Differentiation. To induce adipogenic 
differentiation, 5th- to 13th-passage cells were treated 
with adipogenic medium for 3 weeks. Medium changes 
were performed twice weekly, Adipogenic medium con- 
sists of IMDM supplemented with 0.5 mmol/L 3-isobu- 
tyl-l-methylxanthine (Sigma- Aldrich), 1 /xmol/L 
hydroconisone (Sigma- Aldrich), 0,1 mmol/L indometh- 
acin (Sigma- Aldrich), and 10% rabbit serum (Sigma-Al- 
drich). Adipogenesis was assessed by Oil Red O staining. 

Hepatogenic Differentiation. For hepatogenic dif- 
ferentiation, 5th- to 13th-passage cells, at 1.0 to 1.3 X 
lO'^/cm^, were serum deprived for 2 days, in IMDM sup- 
plemented with 20 ng/mL epidermal growth factor and 
1 0 ng/mL bFGF, prior to induction by a 2-step protocol. 
Differentiation was induced by treating MSCs with 
Step-1 differentiation medium, consisting of IMDM sup- 
plemented with 20 ng/mL HGF and 10 ng/mL bFGF, 
nicotinamide 0.61 g/L, for 7 days, followed by treatment 
with step-2 maturation medium, consisting of IMDM 
supplemented with 20 ng/mL oncostatin M, I /xmol/L 
dexamethasone, and 50 mg/mL ITS"*" premix, thereafter. 
Medium changes were performed twice weekly and hepa- 
togenesis was assessed by reverse-transcription— polymer- 
ase chain reaction for liver- associated genes listed in Table 

1, by immunofluorescence analysis for albumin produc- 
tion, and by in vitro assays for functions that are charac- 
teristic of liver cells. 

Cytochemicaly Histologicaly and Immuno- 
cytochemical Analysis 

Cytochemical Staining. For evaluation of mineral- 
ized matrix, cells were fixed with 4% formaldehyde and 
assayed by von Kossa staining using 1% silver nitrate (Sig- 
ma-Aldrich) under ultraviolet light for 45 minutes, fol- 
lowed by 3% sodium thiosulfate (Sigma-AIdrich) for 5 
minutes, and then counterstained with Van Gieson (Sig- 
ma- Aldrich) for 5 minutes. For alkaline phosphatase de- 
tection, cells were stained by Rutenberg's method, as 
described.^"* For Oil Red O staining, cells were fixed with 
4% formaldehyde, stained with Oil Red O (Sigma-Al- 



Table 1. Primers Used for Reverse-Transcription 
Polymerase Chain Reaction 









Scqucnco 


Product 




S : 


5' 


- TGCAGCCAAAGTGAAGAGGGAAGA ~ 3 ' 


216 bp 




A: 


5' 






Albumin 


S : 


5' 


- TGCTTGAATGTGCTGATGAC AGGG - 3 ' 


161 bp 




A : 


5' 


- AAGGCAAGTCAGCAGGCATCTCATC - 3 ' 




CK-18 


S : 


5' 


- TGGTACTCTCCTCAATCTGCTG - 3 ' 


148 bp 




A: 


5' 


- CTCTGGATTGACTGTGGAAGT - 3 ' 




TAT 


S: 


5' 


- TGAGCAGTCTGTCCACTGCCT - 3 ' 


358 bp 




A: 


5' 


- ATGTGAATGAGGAGGATCTGAG - 3 ' 




TO 


S: 


5' 


- AT ACAGAGACTTCAGGGAGC - 3 ' 


299 bp 




A: 


5' 


" TGGTTGGGTTCATCTTCGGTATC - 3' 




G-6P 


S: 


5' 


-GCTGGAGTCCTGTCAGGCATTGC- 3' 


350 bp 




A: 


5' 


- T AGAGCTGAGGCGGA ATGGGAG - 3 ' 




CYP2B6 


S; 


5' 


- GACGCTACGTTTCAGTCTTTC - 3 ' 


204 bp 




A; 


5' 


-GCTGAATACCACGCCATAG-3' 




HNF4 


S: 


5' 


- CCAAGTACATCCCAGCTTTC - 3 ' 


295 bp 




A: 


5' 


- TTGGCATCTGGGTCA AAG - 3 ' 






S : 


5' 


- TGAACTGGCTGACTGCTGTG - 3 ' 


174 bp 




A: 


5' 


- CATCCTTGGCCTCAGC ATAG - 3 ' 





Abbreviations; aFP, alpha-fetoprotein; S, sense; A, antisense; bp, base pair; 
CK-18, cytokeratln 18; TAT, tyrosine-aminotransferase; TO, tryptophan 2,3-dioxy- 
genase; G-6P, glucose-6-pliosphatase; CYP2B6, cytochrome P450 286; HNF4, 
hepatocyte nuclear factor-4; /3-actin, beta-actin. 



drich) for 10 minutes, and counterstained with Mayers 
hematoxylin (Si gma-Al drich) for 1 minute. 

Histological Analysis. Chondro genie differentiation 
was evaluated after pellets were fixed in 4% formaldehyde, 
dehydrated in serial ethanol dilutions, and embedded in 
paraffin blocks. Blocks were cut and sections stained with 
type II collagen antibody (Santa Cruz Biotechnology). 

Immunofluorescence. For staining of intracellular 
proteins, cells were fixed overnight with 4% formalde- 
hyde at 4°C, and permeabilized with 0.1% Triton X-100 ^ 
(Sigma- Aldrich) for 10 minutes. Slides and dishes were 
incubated with mouse primary antibodies against human 
albumin (1:50) for 1 hour, followed by fluorescein- or 
phycoerythrin-coupled goat antimouse immunoglobulin 
G secondary antibody for 1 hour. Between incubations, 
samples were washed with phsophate-buffered saline. 

Flow Cytometry. For cell surface phenotyping, fifth- 
to seventh-passage cells were detached and stained with 
fluorescein- or phycoerythrin-coupled antibodies and an- 
alyzed with FACSCalibur (Becton, Dickinson). 

Total RNA Isolation and Reverse-Transcription 
Polymerase Chain Reaction 

RNA was extracted from 3 to 30 X 10^ MSCs, differ- 
entiating cells, or differentiated cells using RNEasy (Qia- 
gen, Stanford, Valencia, CA) per the manufacturer's 
instructions. The messenger RNA was reverse transcribed 
to complementary DNA using Advantage RT-for-PCR 
(Clontech, Palo Alto, CA) per the manufacturer's instruc- 
tions, complementary DNA was amplified using ABI Ge- 
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neAmp PGR System 2400 (PerkinElmer Applied 
Biosystems, Boston, MA) at 94^*0 for 40 seconds, 56°C 
for 50 seconds, and 72°C for 60 seconds for 35 cycles, 
after initial denaturation at 94°C for 5 minutes. Primers 
used are listed in Table 1 . 

Periodic Acid-Schiff (PAS) Stain for Glycogen 

Culture dishes containing cells were fixed in 4% form- 
aldehyde, permeabilized with 0.1% Triton X-100 for 10 
minutes and were not incubated or were incubated widi 
Diastase for 1 hour, 37*^0. Samples were then oxidized in 
1% periodic acid for 5 minutes, rinsed 3 times in de- 
ionized (d)H20, treated with SchifF s reagent for 1 5 min- 
utes, and rinsed in dH20 for 5 to 10 minutes. Samples 
were counterstained with Mayer's hematoxylin for 1 
minute and rinsed in dH20 and assessed under light mi- 
croscope. 

Uptake of Loiv-Densiiy Lipoprotein (LDL) 

The Dil-Ac-LDL staining kit was purchased from Bio- 
medical Technologies (Stoughton, MA) and assay was 
performed per the manufacturer's instructions. 

Pentoxyresorufin O-Dealkylase (PROD) Assay 

After 6 weeks of differentiation, cells were maintained 
under the same conditions in the presence or absence of 1 
mmol/ phenobarbital for 72 hours followed by treatment 
with 10 /xmol/L pentoxyresorufin, and assessed under 
fluorescence microscope. 

Urea Assay 

Urea concentrations were determined by colorimetric 
assay (640-1, Sigma- Aid rich) per the manufacturer's rec- 
ommendations and, analyzed with BioPhotometer 6131 
(Eppendorf, Hamburg, Germany). Step-2 hepatocyte 
maturation medium, as described in Materials and Meth- 
ods, was used as a negative control. 

Results 

Isolation and Characterization of Bone Marrow- 
Derived Mesenchymal Stem Cells 

We previously reported the isolation of single cell- 
derived clonally expanded MSCs from UCB by negative 
immunoselection and limiting dilution, and the multid- 
ifferentiation ability of these cells was also demonstrated. 
Using the same approach, single cell— derived colonies of 
MSC-like cells were also isolated from BM and rapidly 
growing colonies exhibiting homogeneous morphology 
were selected for culture expansion. The fibroblast-like 
morphology of BM-derived cells, at 0.3 X lOVcm^ (Fig. 
lAi) and at 1.2 X lO'^/cm^ after expansion (Fig. lAii), as 
well as their surface phenotype (Fig. IB), as determined 




Fig. 1. (A) Characterization of bone marrow- derived MSCs. Morphol- 
ogy of MSCs at lower confluence (i) and at higher confluence (ii). (B) 
Analysis by flow cytometry shows that bone marrow (BM)-MSCs are 
negative for tiie expression of CD 13 CD34, CD45. and CD133, but 
positive for the expression of CD29, CD44, CD71, CD 73, CD90. CD105, 
SH-2, and SH-3. (C) MSCs are induced to differentiate Into osteoblasts 
(i) and stain positive for alkaline phosphatase (ii) and for mineralized 
matrices by von Kossa assay (iii). (D) Under adipogenic conditions, 
BM-MSCs accumulate neutral lipid vacuoles (i), which are positively 
stained by Oil Red 0 assay (ii). (E) Under chondrogenic conditions 
BM-MSCs differentiate into chrondrocyte-like cells and stained positively 
for type II collagen by immunohistochemical analysis. Scale bars, 100 
/xm. (Original magnification, xlOO (A, Ci, Ciii, D]; x200 [Cii].) 

by flow cytometry, were consistent with those reported in 
the literature for MSCs.^^ These BM-derived cells were 
negative for CD 13, CD34, CD45, and CD 133 but were 
positive for CD29, CD44, CD73, CD90, and CD 105, as 
well as for human MSCs markers SH-2 and SH-3. The 
doubling time of these BM-derived cells was found to be 
between 40 to 52 hours (data not shown). 

Under the induction of osteogenic medium for 3 
weeks, BM-derived MSCs could diflFerentiate into osteo- 
blasts (Fig. iCi) showing positive alkaline phosphatase 
(Fig. ICii) and Von Kossa stainings (Fig. iCiii). Under 
adipogenic induction conditions for 3 weeks, the forma- 
tion of intracellular microdroplets was noted (Fig. IDi), 
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and it stained positive for Oil Red O (Fig. IDii). Under 
chondrogenic conditions for 4 weeks, chondrocyte-like 
cells were noted, and positive immunohistochemicai 
staining for type II collagen was shown (Fig. IE). 

In Vitro Hepatic Differentiation of Bone Marrotu— 
Derived Mesenchymal Stem Cells 

In the absence of serum cell proliferation arrested, and 
in the presence of HGF and bFGF, the fibroblastic mor- 
phology (Fig. 2Ai) of MSCs was lost and cells developed a 
broadened, flattened morphology (Fig. 2Aii) I week 
postinduction. In the presence of oncostatin M, dexa- 
methasone and ITS"*", a retraction of elongated ends was 
observed (Fig. 2Aiii) 2 weeks postinduction, and the 
cuboidal morphology of hepatocytes developed with in- 
creasing time of differentiation (Fig. 2Aiv-vi). After pro- 
longed culture, the hepatocytic morphology further 
matured with the appearance of abundant granules in the 
cytoplasm (Fig. 2Avii) and was retained for over 12 weeks 
(Fig. 2Aviii). 

Reverse-transcription— polymerase chain reaction anal- 
ysis showed the expression of alpha-fetoprotein and glu- 
cose 6-phosphatase by day 14, while tyrosine- 
aminotransferase, a late marker gene of hepatocytes ,2'^ was 
detected by day 28. Expression of cytokeratin-18, albu- 
min, and ttyptophan 2,3-dioxygenase was detected at all 
time points and increased with time of differentiation, 
whereas undifferentiated cells did not express alpha-feto- 
protein, tyrosine-aminotransferase, or glucose 6-phos- 
phatase but did express low levels of albumin and 
cytokeratin-18, and tryptophan 2,3-dioxygenase (Fig. 
2Bi). In addition, expression of cytochrome P450 2B6 
was detectable by 4 weeks postinduction, and the expres- 
sion of hepatocyte nuclear factor-4, a transcription factor 
largely expressed in adult liver,^^ was detected at 6 weeks 
postinduction (Fig. 2Bii). Undifferentiated cells were 
negative for albumin by immunofluorescence staining 
(Fig. 2Ci), while differentiated cells were strongly positive 
at 2 weeks, 4 weeks, and 6 weeks postinduction (Fig. 
2Cii-iv). Hep3B cells were used as positive control (Fig. 
2Cv). 

In Vitro Functional Characterization ofMSC- 
Derived Hepatocyte-Like Cells and Expression of 
Bile Canaliculi-Specific Antigen 

While undifferentiated MSCs did not exhibit the abil- 
ity to uptake LDL (Fig. 3Ai), differentiated cells showed 
low levels of LDL uptake at 2 weeks and 4 weeks postin- 
duction (Fig. 3Aii-iii). After 6 weeks of differentiation, 
hepatocyte-like cells demonstrated the ability to uptake 
significant levels of LDL (Fig. 3Aiv). Hep3B cells were 
used as positive control (Fig. 3Av). Pentoxyresorufin is a 




Fig. 2. (A) In v/tro hepatic differentiation of bone marrow- derived 
MSCs. Morphological changes of undifferentiated MSCs to differentiated 
hepatocytes under hepatogenic condifons. Undifferentiated MSCs (i); 1 
week postinduction {ii); 2 weeks post-induction (iii); 3 weeks postinduc- 
tion (iv); 4 weeks postinduction (v); 5 weeks postinduction (vi). The 
morphology of matured hepatocyte-like cells is achieved at 6 weeks 
postinduction (vii) and is retained for 12 weeks or nnore (viii). (B) 
Differentiated cells express hepatocyte-specific marker genes, by reverse- 
transcription-polymerase chain reaction at the indicated time points. (C) 
Immunofluorescence analysis showed that undifferentiated MSCs stain 
negative for albumin, (i) while positive staining was detected for hepa- 
tocyte-like cells at 2 weeks postinduction (ii), 4 weeks postinducfon (ill), 
and 6 weeks postinduction (iv). Positive immunofluorescence staining for 
albumin is also detected in hepatoma cell lineHepSB (v). Scale bars, 
100 ^m. (Original magnification, xiOO.) aFP, alpha-fetoprotein; CK-18, 
cytokeratin 18; TAT, tyrasine-aminotransferase; TO, tryptophan 2,3-dioxyge- 
nase; G-6P, glucose-6-phosphatase; j3-Actin, beta-actin; HNF4, hepatocyte 
nuclear factor-4. 

nonfluorescent compound O-dealkylatable by cyto- 
chrome P450 (mainly cytochrome P450 2B and 2F iso- 
famiUes^^) into resorufin, emitting a red fluorescence. At 
2 weeks postinduction, the supplementation of pen- 
toxyresorufin to differentiated cells did not yield signifi- 
cant levels fluorescence in the absence (Fig. 3Bi) or 
presence of phenobarbital (Fig. 3Bii). At 4 weeks postin- 
duction, the supplementation of pentoxyresorufin to dif- 
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Rg. 3. (A) In vitro functional characterization of hepatocytes differentiated from bone marrow- derived MSCs. Uptake of low-density lipoprotein is 
not detected in undifferentiated MSCs (i) but is detected in differentiated cells at 2 weeks postinduction (ir), at 4 weeks postinduction (iii), and at 
6 weeks postinduction (iv). Uptake of low-density lipoprotein by hepatoma cell line Hep3B (v). (B) Cytochrome P450 enzyme activity, as evaluated 
by pentoxyresorufin-O-dealkylase assay, is not detectable at 2 weeks postinduction without phenobarbital (i) or with phenobarbital (ii); barely 
detectable without phenobarbital at weeks postinduction (lii) but can be induced in the presence phenobarbital (iv); and detectable at 6 weeks 
postinduction without phenobarbital (v) and can be further induced in the presence of phenobarbital (vi). Hepatoma cell line HepSB also show P450 
activity without phenobarbital (vii) and can be induced in the presence of phenobarbital (viii). (C) PAS staining for glycogen showed that differentiated 
cells do not store glycogen at 2 weeks postinduction (1), but begin to show glycogen storage at 4 weeks postinduction (ii), and approximately 50% 
of differentiated cells store glycogen at 6 weeks postinduction (iii). Glycogen stored in differentiated cells can be digested by pretreating with diastase 
and result in negative PAS staining (iv). Undifferentiated MSCs stain negative for glycogen storage (v) while hepatoma cell line HepSB stains positive 
for glycogen storage (vi). (D) Differentiated cells produce urea in a time-dependent manner. (E) Differentiated cells express bile canaliculi-specific 
antigen 9B2 as determined by flow cytometry (i), and immunofluorescent staining shows that the antigen 9B2 is predominantly localized on the 
junction between adjacent cells (ii). Immunofluorescence analysis on HepSB celt line reveals the expression of 9B2 antigen in a similar pattern (iil), 
while undifferentiated MSCs stain negative for 9B2 antigen by immunofluorescence analysis (iv). Scale bar, 100ju.m. (Original magnification. xlOO 
[A, B, Ci-iv, Cvl; X200 [Cv, Eii-iv].) 



ferentiated cells resulted in low levels of fluorescence in 
the absence of phenobarbital (Fig. 3Biii), and a small 
increase in intensity was noted in the presence of pheno- 
barbital (Fig. 3Biv), suggesting the presence of endoge- 
nous P450 enzymes in differentiated cells. At 6 weeks 
postinduction, differentiated cells demonstrated the abil- 
ity to metabolize pentoxyresorufin in the absence of phe- 
nobarbital (Fig. 3Bv), and a significant increase in 
fluorescence activity was observed in the presence of phe- 
nobarbital (Fig. 3Bvi). Hep3B cells were used as positive 
control in the absence and presence of phenobarbital (Fig. 
3Bvii-viii). The presence of stored glycogen, as deter- 
mined by PAS staining, was not observed in differentiated 



cells at 2 weeks postinduction (Fig. 3Ci) but was visual- 
ized at 4 weeks postinduction (Fig. 3Cii). By 6 weeks 
postinduction, approximately 50% of diflFerentiated cells 
stored glycogen (Fig. 3Ciii). Undifferentiated cells did 
not show the ability to store glycogen (Fig. 3Civ). When 
pretreated with diastase to digest glycogen, differentiated 
cells stain negative for glycogen (Fig. 3Cv). Hep3B cells 
were used as positive control (Fig. 3Cvi). The afore-tested 
functions were sustained for 12 weeks or more by the 
differentiated ceils (data not shown). Secretion of urea by 
differentiated cells was measured, at weekly intervals, us- 
ing the Sigma Urea assay kit according to manufacturer 
instructions. Background values resulting from the pres- 
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Rg. 4. Hepatic differentiation of umbilical cord blood-derived MSCs. Undifferentiated mesenchymal stem cells ( (A), under the same hepatogenic 
conditions, differentiate into hepatocyte-like ceils (B) expressing liver-specific genes (C), produce albumin (D), and uptake low-density lipoprotein (E). 
Differentiated cells possess cytochrome P450 activity as determined by pentoxyresorufin-O-dealkylase assay (F), store glycogen which stain positive 
by PAS assay (G) and secrete urea in a time-dependent manner (H). Scale bar. lOO^am. (Original magnification, xlOO.) 



ence of ammonia were subtracted from the yielding val- 
ues, and the production of urea was expressed as pg/cell/h. 
Urea production was detectable after 6 weeks postinduc- 
tion (n = 3) and increased in a time-dependent manner 
with prolonged treatment in the presence of maturation 
medium, while undifferentiated MSCs, at day 0, did not 
produce urea (Fig. 3D). 

The monoclonal antibody 9B2 is a liver-specific anti- 
body found to react with an antigen expressed on the bile 
canaliculi formed between adjacent hepatocytes.^^ Anal- 
ysis by flow cytometry (Fig. 3Ei) revealed that difiFerenti- 
ated hepatocyte-like cells were positive for the expression 
of antigen 9B2, and immunofluorescence assays (Fig. 
3Eii) further showed that the antibody was predomi- 
nantly localized on the surface membrane bordering ad- 
jacent differentiated cells. Immunofluorescence analysis 
on hepatoma cell line Hep3B show a similar staining pat- 
tern (Fig. 3Eiii), while undifferentiated MSCs stained 
negative (Fig. 3Eiv). 

Charactervcation of Hepatocyte-Like Cells 
Differentiated From UCBDerived MSCs 

The UCB-derived MSCs (Fig. 4A), under the same 
2-step induction protocol, differentiated into hepatocyte- 



like cells (Fig. 4B) with expression of liver- specific genes, 
as previously reported,-^ and expressed cytochrome P450 
2B6 and hepatocyte nuclear factor-4 in the same pattern 
as the BM counterpart (Fig. 4C). Differentiated cells also 
showed production of albumin (Fig. 4D), and demon- 
strate the ability to uptake low-density lipoproteins (Fig. 
4E). In the presence of pentoxyresorufin, differentiated 
cells exhibit a bright fluorescence (Fig. 4F) while undif- 
ferentiated cells did not (data not shown). Differentiated 
cells stain positive for glycogen by PAS assay (Fig. 4G) 
while undifferentiated cells and diastase-treated hepato- 
cytes did not (data not shown). Hepatocyte-like cells dif- 
ferentiated from UCB-derived MSCs also demonstrate 
similar capacity for urea production (n X 3, Fig. 4H). 

Discussion 

Previously, MSCs have been isolated from BM by plat- 
ing total mononuclear cells followed by culture-expansion 
of the plate-adhering population. However, BM contains 
a mixture of different stem or progenitor cells, and plate- 
adhering cells obtained would comprise of heterogeneous 
cell types. Differentiation of such population into various 
cell lineages raises the question whether different progen- 
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itor cells within are responsible for the results observed. In 
this study, we adopt an approach previously reported for 
isolating multipotent MSCs from UCB by negative im- 
munoselection and limiting dilution to obtain single cell- 
derived populations. Although the approach shares 
similarities with that for the isolation of MAPCs, culture 
conditions established for our cells are different to those 
for MAPCs. Further, the surface phenotype of our cells is 
consistent with classical MSCs,^^ while MAPCs express 
CD 13 but not CD44, SH-2, and SH-3, which have been 
reported to be some of the key differences between MSCs 
and MAPCs.20 

Although previous studies have shown that different 
colonies may show varying differentiation potentials'^ all 
colonies selected for culture-expansion under our criteria 
demonstrate equal potential for all cell lineages assayed 
while retaining normal karyotype (data not shown). 

During embryonic development, the production of 
growth factors such as HGF and FGFs have been associ- 
ated with endodermal specification. '2.33 addition, the 
first event occurring after partial hepatectomy is a large 
increase in the blood level of HGF,^"* suggesting that 
HGF plays a greater role in the early stages of hepatogen- 
esis. Oncostatin M is a member of the interleukin 6 family 
cytokines and was originally identified by its ability to 
inhibit growth of A375 melanoma cells, and later stud- 
ies demonstrated the progression of hepatocytic develop- 
ment toward maturation, in primary cultures^ stimulated 
by oncostatin M.^^-'^ Hence, we designed a 2-step serum- 
free protocol to effect the hepatic differentiation from 
MSCs. Prior to initiation of differentiation, cells are pre- 
conditioned by serum-withdraw but retaining the growth 
factors used in the culture medium to hinder cell prolif- 
eration while maintaining multidifferentiation potentials. 

Under hepatogenic conditions, the fibroblastic mor- 
phology of MSCs gradually progressed toward the polyg- 
onal morphology of hepatocytes in a time-dependent 
manner and became apparent by 4 weeks postinduction. 
However, the mature cuboidal morphology with granu- 
lated structures is not fully developed until 6 weeks 
postinduction. In vitro functional assays on differentiated 
cells at different time points were consistent with the mor- 
phological changes. With the exception of albumin, 
which is strongly detectable by immunofluorescence anal- 
ysis at all time points, other assays for functionality were 
found to be negative at 2 weeks postinduction but grad- 
ually became evident by 4 weeks postinduction. By 6 
weeks postinduction, differentiated cells acquired com- 
plete functionality of all assays performed and are sus- 
tained to 12 weeks postinduction or later. 

In well-differentiated hepatoma cell lines, the 9B2 an- 
tigen is first detected in cytoplasm and packaged in mi- 



crovilli-lined vesicles, then vectorially transported to the 
cell surface and eventually fused with microvilli-lined ves- 
icles from neighboring cells to form bile canaliculi.'° Im- 
munofluorescence analysis on MSCs-derived hepatocyte- 
like cells and hepatoma cell line Hep3B revealed that the 
9B2 antibody stained lightly on the membrane surface 
with stronger localization on the membrane bordering 
adjacent cells, suggesting the formation of bile canaliculi 
in differentiated hepatocyte-like cells under in vitro con- 
ditions. 

It was also noted that cell density played a significant 
role in effecting hepatic differentiation. Optimal cell den- 
sity was found to be 1.0 to 1.3 X 10^ cells/ cm^, and cells 
differentiated in homogeneous fashion. Visual inspection 
under phase-contrast microscopy as well as immunofluo- 
rescence analysis for albumin indicated that all cells dif- 
ferentiated into hepatocyte-like cells at optimal density. 
At suboptimal cell densities, hepatic differentiation was 
observed in cell clusters, while diffused cells failed to 
adopt the cuboidal morphology characteristic of hepato- 
cytes. The hepatic differentiation potential of our MSCs 
was tested between the 5th passage and the 13th passage, 
and no differences were observed in the hepatic potential. 

Although previous studies have suggested that BM and 
UCB may contain cells of hepatic potential, no evidence 
was provided to show that the limited results were attrib- 
uted by stem cells.-"*^'^^ Thus these studies suggest only the 
presence of hepatic progenitors in BM and UCB, as op- 
posed to well-characterized stem cells' possessing hepatic 
differentiation potential. To our knowledge, this is the 
first report demonstrating that classical MSCs clonally 
derived from BM can differentiate into hepatocyte-like 
cells, under in vitro conditions, with comprehensive phe- 
notype and functions characteristic of liver cells. 

Previously, we reported that multipotent MSCs iso- 
lated from human UCB possess the potential to differen- 
tiate into hepatocyte-like cells under in vitro conditions. 
However, UCB is perceived to be a relatively "y^^^iig^^" 
source of stem cells than adult BM; hence, the previously 
reported stem cell population may encompass a greater 
differentiation potential than the classical MSC derived 
from BM. Further, limited characterizations on the dif- 
ferentiated hepatocyte-like cells were performed in the 
previous study. In the present study, we show that MSCs 
isolated from human BM as well as from UCB differen- 
tiate into hepatocyte-like cells exhibiting morphology, ex- 
press primitive and mature marker genes in a time- 
dependent manner, and fiirther acquire, in a time- 
dependent manner, comprehensive in vitro functions 
characteristic of liver cells including albumin production, 
glycogen storage, urea secretion, LDL uptake, and exhibit 
phenobarbital-inducible cytochrome P450 activity. 



HEPATOLOGY. Vol. 40, No. 6, 2004 



LEE ET AL. 1283 



The difFerentiation potential of adult stem cells has 
long been believed to be limited to the tissue or germ layer 
of their origin. However, recent studies have demon- 
strated that adult stem cells may encompass a greater po- 
tential then once thought.^°-^^ Schwartz et al. reported 
for the first time that an adult marrow— derived stem cell, 
MAPC, could differentiate into functional hepatocyte- 
like cells-^^ under in vitro conditions in addition to meso- 
dermal and ectodermal cell lineages. While 
MAPCs exhibit certain similarities to embryonic stem 
cells,-^^ which may attribute to the broad potential, our 
findings indicate that MSCs can also differentiate into 
cells of endodermal origin in addition to those of the 
mesoderm, albeit that our MSCs are without embryonic 
stem ceil features. 

The in vitro system reported in this study for the 
derivation of hepatocyte-like cells has numerous ad- 
vantages. First, cell source: We report a method for 
systemic derivation of functional hepatocyte-like cells 
from human MSCs, which are readily accessible from 
BM and UCB. Second, simplicity: The differentiation 
of MSCs into hepatocyte-like cells requires only a 
2-step procedure without the need of additional sur- 
face coatings or treatments to culture vessels. 
Third, longevity: Differentiated hepatocyte-like cells 
can be sustained for 12 weeks or more, with in vitro 
functions, making it an ideal candidate for pharmaco- 
logical and toxicological studies, as well as bioartificial 
liver studies. Fourth, cell quantity: Undifferentiated 
MSCs can be extensively culture expanded in vitro and, 
thus, large quantities of differentiated cells can be gen- 
erated for potential cell therapy or tissue-engineering 
applications. Fifth, rapidity: A magnitude of func- 
tional hepatocyte-like cells can be generated from a 
bone marrow aspirate within a reasonably short period 
of time. 

In summary, our findings indicate that MSCs derived 
from both human bone marrow and umbilical cord blood 
can differentiate into functional hepatocyte-like ceils in 
vitro, in addition to mesodermal and ectodermal lineages. 
The results of this study continue to challenge the perspec- 
tive of the restricted difFerentiation potential of adult-derived 
stem cells. Most imponant of all, MSCs may serve as a cell 
source for tissue engineering or cell therapy of liver. 
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